The paper investigates efficiency of different shielding techniques. The study was performed on the basis of 3-D substation model design where the finite-element method for calculation of magnetic fields (the EMAS software) was used and measurements were performed. The study was designed to meet the following objectives: − to obtain a useful analytical tool for evaluation of magnetic fields in a transformer substation as well as induced currents and power losses in a case of passive or active loop shielding,
− to develop general principles of magnetic field shielding in transformer substations based on a digital simulation of 3-D substation models, measurements and analytical solutions which could serve as effective guidelines for shielding design. The obtained shielding principles for various layouts of substations are used to demonstrate some practical problems of the power-frequency magnetic field shielding design. Research results present the shielding effectiveness as a function of shielding technique as well as shielding geometry, material selection, location, induced current and power losses. The results can be effectively implemented in the process of shielding design for substations where magnetic field reduction is required.
INTRODUCTION
Power frequency magnetic field shielding is used for protection of sensitive electronic devices and data storage media and for prevention of interference in video display unit operation. The interest in magnetic field shielding is growing due to increasing concern of possible health effects on persons exposed to power frequency magnetic field. In the surrounding of substations, magnetic fields of power frequency can arise with flux densities in the range between 1 µT and 10 µT. These fields are mainly produced by busbars, cables and transformers. A primary source of the magnetic field in the substation is generally the cable section from the transformer secondary terminal. Eddy currents and magnetisation induced in metal enclosures, special shields and other conductive and ferromagnetic structures are secondary sources. When the rearrangement of substation equipment is not possible, magnetic field shielding around the sources can be implemented to reduce power frequency magnetic fields in the vicinity of a substation. It is common to associate ferromagnetic materials with magnetic field shielding. Various types of steel have frequently been used for shielding. However, conductive materials with no ferromagnetic properties, such as aluminium and copper, can also perform well as magnetic field shielding materials.
MODEL FOR CALCULATION AND MEASUREMENTS
Several sources contribute to the magnetic field around a substation. A detailed calculation of magnetic field density in the vicinity of a substation is therefore rather complicated. According to numerous measurements in different types of substations, the main sources of magnetic fields are the low voltage busbar connections to transformers and the low voltage cables. Therefore, our model was simplified to the study of low voltage conductors. A further simplification was made by assumption that currents in phase conductors are constant symmetric three-phase currents. The neutral conductor, that in this case carries no current, is neglected. Results of the simplified model are to the certain degree applicable to the whole complex system (without simplifications). The configuration of field sources used for measurements and digital simulation as well as the space to be shielded is shown in Figure 1 . Types of shielding used for magnetic field reduction in the chosen space, their characteristics, shielding mechanisms, methods for calculation of magnetic field propagation and the efficiency of the individual type of shielding are discussed in next sections.
SHIELDING WITH PASSIVE AND ACTIVE CONDUCTOR LOOPS
A number of measurements and calculations for various design configurations of field cancellation loops included active and passive conductor loops for magnetic field reduction. If the magnetic field reduction is provided by a current source inserted in the loop, than this is called an active loop. A cancellation loop without active sources is called a passive shielding loop. Figure 1 -Geometry of the substation used for digital simulation and measurements; a) measurement setup for shielding measurement on the cable (busbar) configuration, b) geometry of the space where the magnetic field should be reduced.
Magnetic field reduction with passive loops depends greatly on loop configuration, its geometry and electric characteristics. The current induced in the loop is proportional to line currents. Thus, the cancellation loop has an important self-regulating characteristic since it provides the same relative field reduction regardless of transformer loading. An effective tool for the analysis of magnetic field reduction is needed for an accurate calculation of the magnetic field propagation. The field reduction with cancellation loops is a result of currents induced in the loop. As shown in Figure 1 , the source phase conductors produce a magnetic field that induces currents in the loop according to Faraday's Induction Law. The currents circulate trough the loop in such a way that they minimise the influence of the source currents and therefore reduce the magnetic field. Additionally, the currents in the loop induce currents into the source conductors, causing also a change in the power source load current. The resistance of each passive loop conductor (also phase conductor) is calculated by the following equation (a round conductor shape is assumed):
where r i is the radius, l is the length, and ρ is the specific resistance of the conductor. This equation is valid only when the conductor has a uniform cross section and when the skin and proximity effects can be neglected, Frix and Karady (1).
To determine accurate values, the inductance is calculated using the inductance formulas of finite length conductors supplied by Grover (2) . The self-inductance of each conductor in the passive loop and phase conductors is calculated by:
Since all passive loop conductors have the same length, the mutual inductance between the shield conductors is calculated:
where l is the length of the conductors and d i,j is the radial distance between the ith and jth conductors. Voltages induced in the passive loop can be determined by mutual inductance between each phase conductor and each loop conductor. In our case the phase conductors have a different length than the shield, thus the mutual inductance equals: (4) where d k,l is the radial distance between the kth loop conductor and the lth phase conductor, l f is the length of the phase conductors and l is the length of the loop conductors. The loop conductors are shorted together at the end of the loop. Therefore, it can be stated: 1) the voltage drop along each loop conductor is the same, and 2) the sum of currents in the cancellation loop node is zero. Kirchoff's equations for the circuit model in the Figure 3 can be written in the matrix form:
The third and the fourth row of the transformed impedance matrix in equation (5) are differences of phase conductor impedances:
The fifth and the sixth row of the converted impedance matrix are differences of loop conductor impedances:
The first two rows of the transformed matrix are derived from the second statement. The third and the fourth row of the transformed voltage vector in equation (5) are voltages between phase conductors of the transformer, the first three rows of the current vector are currents in phase conductors and the last three rows are induced currents in the cancellation loop. Assuming the phase voltages are known, the current vector can be determined by inversion of a transformed impedance matrix. The apparent power within loop conductors is: 
while the active power consumed by the cancellation loop (which relates to loop heating) is determined by:
Similarly, we can calculate the influence of the cancellation loop on the apparent power of each phase conductor. In the absence of the cancellation loop it is S i ' = U i U i * / Z i (i = 1..3). The apparent power within each phase conductor in the presence of the passive loop is S i = U i I i (i = 1..3). The change of the apparent power in each phase conductor due to the influence of the passive loop is:
The magnetic field caused by currents in conductors can be calculated by the Biot-Savart Law. The Figure 4 shows the geometry for calculation of the magnetic field at point T, located at distance ρ above the conductor. A conductor is placed on the axis Y. The magnetic flux density vector (in Teslas) due to the conductor at the point T in the direction of axis ϕ is determined by equation (9):
SHIELDING WITH CONDUCTIVE AND FERROMAGNETIC SHIELDS
Shielding of quasistatic magnetic fields can be accomplished with one or more layers of materials that have either high magnetic permeability, high electrical conductivity, or both. With these two separate physical mechanisms we can effectively reduce the magnetic field. Both, the reduction of flux due to induced currents in electrically conducting materials and flux redirection through high permeability materials, significantly contribute to the effectiveness of a magnetic shield.
Particularly effective and acceptable shielding strategy involves the use of multilayered shield. Laminated layers of materials with different magnetic and electrical properties enable better shielding than single layer shields. Multilayered shields are made of alternating high conductivity and high permeability materials (e.g. aluminium and high permeability steel). Such shields have better shielding efficiency due to permeability and conductivity than either material alone, Hoburg at al (4) As shown in the section on passive and active cancellation loops, analytical methods exist for simple shield geometry where for more complex geometry numerical method have to be used. In many cases, twodimensional modelling of the problem is sufficient. Cartesian co-ordinates (x-y plane) can be used to model the cross section of long structures. Where calculation need to be performed also at the edges of the structures (cables, busbars, planar shields) three-dimensional modelling must be used. The solution of the given problem is based on the magnetic vector potential A v that is defined by Hasselgren et al (3):
The governing equations for vectors of magnetic field H v and electric field E v in a quasistatic system are:
Within a passive conducting material with conductivity σ , the current density and the electric field are related by:
Combining (10) and (12), the vector of the induced electric field is expressed as:
Combining the above equations, the magnetostatic vector potential is expressed as:
where µ and σ are the permeability and the conductivity of the material, respectively, and ω is the angular frequency. The finite-element method was used for the numerical solution of the vector potential.
COMPARISONS OF CANCELLATION LOOP AND MULTILAYER SHIELDING RESULTS
The shielding factor f S is defined as the ratio between the resultant field after implementation of shielding B Z and the field before implementation of shielding B 0 :
A smaller shielding factor f S means a better magnetic field reduction. A shielding factor equal to 1 means that there is no reduction. The shielding effectiveness as defined by (16) is not always between 0 and 1. Shielding factors above 1 mean that there is actually an enhancement of the magnetic field. Figure 1 . Cancellation loop has a length of 2 m, a conductor radius of 3 cm and is 2.5 cm above three phase source conductors. Figure 5 shows the plot of constant shielding effectiveness contours in the cross section of plane XZ for the configuration in Figure 1 . A multilayered shield is represented by the plate of ferromagnetic material (below) and plate of aluminium (above). Magnetic field propagation for the geometry in the Figure 5 has been proofed by measurements. These plots can be easily generated for any source geometry by digital simulation in the EMAS program. The plot of constant shielding effectiveness contours in a case of a passive loop cancellation for geometry in Figure 1 is shown in Figure 6 . The passive loop has a length of 2 m and was placed 2.5 cm above the source phase conductors. Currents induced in separate loop and phase conductors are shown in Table 1 . Figure 6 ).
It is clear from Figures 5 and 6 that (when the area to be shielded is small) the multilayered shield is more effective than the passive loop. The cancellation loop shielding is more effective for large spaces since the shielding factors are similar across the whole space (Figure 6 .) Figure 5 shows that there are locations where the shied enhances the magnetic field (f S > 1). If we neglect the power dissipated by the conductive shield plate (which relates to shield heating) and hysteresis losses by the ferromagnetic shield plate, the energy in the electromagnetic field after the shielding is applied to the system remains the same. Thus, by law of conservation of energy in the electromagnetic field, reduction of the magnetic field in one area means increase in the other, however, this will be a subject of further research. 
A -Aluminum plate F -Ferromagnetic material fS overall thickness of the shielding plates conductors are horizontally oriented. The reason for this can be explained by considering the magnetic fields of a vertical current three phase conductors without the shield in plane. For field points not too far from the vertical centerline, the magnetic field on a horizontal plane above the source conductors is nearly parallel to the plane. The magnetic field normal which induces eddy currents in the conductive material is small so also the induced currents in the plate are relatively small. Therefore, there is a small magnetic field reduction due to eddy currents and small shielding efficiency. The situation is a little different for the horizontally oriented sources. In this case, the magnetic field not too far from the vertical centerline, on a horizontal plane above the source conductors has bigger normal component which induces eddy currents in the conductive plate and the efficiency of the shielding is higher. This means that the orientation of the source is important factor in shielding design. The shielding efficiency of the ferromagnetic material is higher when sources are vertically oriented (just the opposite as in the case of the conductive shield). The source orientation is an important factor for a proper selection of shielding, be it conductive or ferromagnetic material or multilayered shielding.
As seen from Figures 7 and 8 we studied additional shield structures using the program EMAS. Multilayered shields with different combinations of aluminium and ferromagnetic plates were simulated. The shielding efficiency for these structures was similar to those of only one layer of aluminium and one layer of ferromagnetic material. This means that magnetic field leakage around multilayered shield of finite width is mainly determined by the material characteristics of the top and bottom layers of the shield. This assumption is valid only when the shield thickness is very small compared to the shield length.
CONCLUSION
Calculations and measurements for a number of design configurations for two basic shielding techniques were performed: − shielding with passive and active loopsinstallation of limited length conductor loops parallel to the cables. A simple method presented for calculation of the magnetic field is a useful tool for a design of optimum cancellation loops, which are in some cases more efficient than shielding plates. Analytical calculations were proofed by measurements. − shielding with long planar sheets made of conducting and magnetic materials composed of multiple layers of steel and aluminium. Digital simulation with a finite-element method was verified by measurements on the shielding model. The 3-D digital simulation is well suited for studies of leakage around the edges of shields. In several cases, the effectiveness of shielding made of layers of two different shielding materials is for a class better than the effectiveness of shielding made of a single layer of individual material of the same thickness. 
